Background: A complex containing an innate immunity protein Tag7, and Hsp70 kills various cancer cells. Results: Tag7 and its complex with Hsp70 bind to the TNFR1 receptor, but only the Tag7-Hsp70 complex induces a cytotoxic effect via apoptosis and necroptosis. Conclusion: A new ligand has been found for the TNFR1 death receptor. Significance: Tag7 may be used as an inhibitor of the TNF-␣-induced cytotoxicity.
The innate immunity protein Tag7, which is also known as a peptidoglycan recognition protein PGRP-S or PGLYRP1, is involved in the antimicrobial and antitumor defense systems. Its gene was identified in our laboratory (1) (2) (3) (4) . This protein is found in insects and mammals and has a conserved structure (2, 5) . Its role in the antibacterial defense mechanisms in insects has been studied in detail (6, 7) . In particular, it has been shown that Tag7 interacts with the Toll-like receptors, with the subsequent activation of the NFB transcription factor and production of the antibacterial peptides (8) .
By analyzing the role of mammalian Tag7 in antitumor defense in vitro, we found that it forms a specific 1:1 complex with the human 70-kDa heat shock protein 1A (Hsp70). 3 This complex had a cytotoxic effect on some tumor cells, whereas neither Tag7 nor Hsp70 alone showed any cytotoxic activity (9) . The same Tag7-Hsp70 complex is secreted by cytotoxic lymphocytes upon their interaction with tumor cells and inhibits tumor growth in mice (9, 10) . However, its mechanism of action on tumor cells remains obscure, and insights into the cell death mechanisms induced by this complex are necessary to develop new tumor-specific immunotherapeutic strategies.
It was considered for some time that apoptosis was the only programmed cell death pathway, with activation of the caspase cascade playing the central role in apoptotic processes (11) (12) (13) , but this opinion has subsequently been disproved. As has been shown during the past few decades, necrosis is not merely a form of passive cell death, but it is a regulated process that is mediated by specific molecular mechanisms. This has provided a basis for the concept of necroptosis as an alternative form of programmed cell death (14, 15) .
It is noteworthy that necroptosis and apoptosis can be induced in the same cells by the same ligands and through the same receptors, referred to as the cell death receptors (TNF-␣ receptor (TNFR1), Fas, TNF-related apoptosis-inducing ligand (TRAILR1)) (15, 16) . The mechanism of the ligand-cell death receptor interaction is fairly well known, particularly for the TNFR1-TNF-␣ interaction. The complex that controls cell death has been described. It contains both the adaptor proteins that transmit the signal from the receptor and the effectors of cytolysis, namely caspase-8 and receptor-interacting protein kinase RIP1, which activate apoptosis and necroptosis, respectively (17) (18) (19) . It has been shown that activation of apoptosis prevents necroptosis because the RIP1 kinase that initiates the latter process is cleaved by caspase-8 (20, 21) . When caspase-8 activity is absent or inhibited, the cell death follows the necroptotic pathway (22, 23) .
Hence, the question arises as to whether the cell death receptor is involved in the cytotoxic signal transduction from the Tag7-Hsp70 complex. The purpose of this study was to analyze the pathways of cell death induced by the Tag7-Hsp70 complex and to identify the receptor involved in the cytotoxic signal transduction pathway. Here, we show that the Tag7-Hsp70 complex induces apoptosis and necroptosis in cancer cells via the TNFR1 receptor. Tag7 alone is able to inhibit the cytotoxic effects of both the Tag7-Hsp70 complex and TNF-␣.
Experimental Procedures
Cells and Cell Subpopulations-The L-929 murine fibroblast cell line was cultured in 24-well plastic plates (Corning) filled with DMEM (Gibco) containing 10% fetal calf serum (Invitrogen), 2 mM L-glutamine, 10 mM HEPES (pH 7.4), and antibiotics in a 5% CO 2 atmosphere at 37°C. The HEK293 human embryonic kidney cell line was cultured in DMEM with 10% fetal calf serum, penicillin (100 units/ml), and streptomycin (100 mg/ml) in a humidified 5% CO 2 atmosphere at 37°C.
Clones of the L-929 cells were isolated by a limiting dilution method. An aliquot of the culture containing 100 cells was repeatedly diluted with the same volume of the medium in a 96-well plate. After 3 days, the plate was examined to detect wells containing a single cell clone. Such clones were cultured in the same wells until a confluent cell monolayer was formed, and then these cells were used in the experiments.
Proteins and Antibodies-The cDNAs for the recombinant human Tag7, Hsp70, and human TNF-␣ (GenBank accession numbers: NM_005091, NM_005345, and NM_000594, respectively) were subcloned into pQE-31 and expressed in Escherichia coli M15 (pREP4) (Qiagen). Hsp70 and TNF-␣ were purified on a Ni 2 -nitrilotriacetic acid agarose column (Qiagen) according to the manufacturer's instructions. Tag7 was purified as described previously (24) .
The rabbit polyclonal antibodies to recombinant Tag7 were affinity-purified on a CNBr-activated Sepharose 4B column (GE Healthcare) coupled with recombinant Tag7 from yeast (9) , as recommended by the manufacturer. The sheep polyclonal antibodies against TNFR1 were prepared as described (25) . The rabbit polyclonal antibodies to the murine TNFR1, TNF-␣, and soluble sTNFR1 were from Sigma-Aldrich. The Tag7-Hsp70 complex was obtained by incubating Tag7 with Hsp70 at 37°C for 30 min.
Affinity Chromatography, Immunoadsorption, and Immunoblotting-The rabbit anti-Tag7 and sheep anti-TNFR1 antibodies were conjugated with CNBr-activated Sepharose 4B (GE Healthcare) according to the manufacturer's protocol. The Tag7-Hsp70 complex was adsorbed onto the anti-Tag7 Sepharose 4B column, which was then loaded with the solubilized L-929 cell membrane proteins or sTNFR1. The column was thoroughly washed with PBS/0.5 M NaCl and PBS alone, and then eluted with 0.25 M triethylamine, pH 12. The eluted material was resolved by SDS-PAGE as described (9) and blotted onto a nitrocellulose membrane. The biotinylated products were visualized by incubating the membrane with streptavidinconjugated HRP and then with an ECL Plus kit (GE Healthcare).
To detect sTNFR1, the blot was incubated with the rabbit anti-TNFR1 antibodies (1:10,000) and a secondary HRP-conjugated anti-rabbit antibody (GE Healthcare, 1:40,000) and then developed with an ECL Plus kit.
Biotinylation and Cross-linking-Tag7 or Hsp70 were incubated with N-hydroxysuccinimide biotin ester (Thermo Fisher Scientific) at a 1:100 molar ratio for 2 h at 20°C and dialyzed against PBS for 18 h at 4°C. The biotinylated Tag7 was incubated with the non-biotinylated Hsp70, or vice versa, as described above to form the Tag7-Hsp70 complex. The L-929 cells were treated with the Tag7-Hsp70 (10 Ϫ9 M) for 2 h at 4°C, washed, and then incubated with 0.2 mM BS 3 (Thermo Fisher Scientific) for 40 min at 4°C. After cross-linking, the cells were washed twice with PBS, and their membrane proteins were isolated and solubilized as described.
Cytotoxicity and Enzyme Inhibition Assays-Cytotoxicity was evaluated using Trypan blue staining, as described previously (9) . The live and dead cells were counted under a microscope (no less than 100 cells per assay). In some experiments, a CytoTox 96 assay kit (Promega) was used. In the enzyme inhibition assays, the cells were treated for 1 h with the caspase inhibitors DEVD-CHO, IETD-CHO, and LEHD-FMK (50 M each), the RIP1 kinase inhibitor necrostatin 1 (5 mM) (all from Sigma-Aldrich), Tag7 and Hsp70 (1 nM), or anti-TNFR1 antibodies (100 nM); then, the Tag7-Hsp70 complex or TNF-␣ was added.
Caspase Activity Measurements-Caspase activity was evaluated in L-929 cells using a caspase 3 assay kit (Sigma-Aldrich) as recommended by the manufacturer. The fluorescence of 7amino-4-methylcoumarin was measured using a Shimadzu RF-1501 spectrofluorometer ( exc ϭ 360 nm, emission ϭ 460 nm). One unit of caspase activity corresponded to 1 nM of the substrate hydrolyzed per minute.
RNAi Knockdown, Transfection, and Stable shTNFR1 HEK293 Cell Line Generation-The pSuper RNAi system (Oligo-Engine) was used to down-regulate mTNFR1 and hTNFR1 expression in the L-929 and HEK293 cells. A 19-nucleotide fragment of mTnfr1 (5Ј-CAAAGGAACCTACTTGGTG) for L-929 and a 21-nucleotide fragment of hTnfr1 (5Ј-CAAAGG-AACCTACTTGTACAA) for HEK293 were cloned as hairpins in pSuper and used for the transfection with polyethylenimine (Polysciences Inc.; catalog number 23966). The control cells were transfected with empty pSuper. A heterogeneous stable HEK293 cell line was generated with puromycin (1 unit/ml), and then the individual clones with the most dramatic decrease in the TNFR1 mRNA were selected. Down-regulation of the TNFR1 mRNA was tested with the primer pairs 5Ј-CTTTTA-TCCCTCCTCTTCATTGG-3Ј and 5Ј-GTAGTAGTTCCTT-CAAGCTCCCC-3Ј; 5Ј-TCACCGCTTCAGAAAACCACC-3Ј and 5Ј-CGGTCCACTGTGCAAGAAGAG-3Ј. The level of the ENY2 mRNA was used as a reference (primers 5Ј-GCAGATG-AGAGCAGCGATTAACC-3Ј and 5Ј-GGAGTGATTTCA-GCCACCAAGTC-3Ј).
Statistical Analysis-An unpaired two-tailed Student's t test was used to determine statistical significance. p values of less than 0.05 were considered significant (*, p Ͻ 0.05; **, p Ͻ 0.005). Data were analyzed using MathCad.
Results
The Tag7-Hsp70 Complex Induces Cytotoxic Processes Occurring at Different Rates-As was found in our previous experiments (9) with the L-929 cells, the Tag7-Hsp70 cytotoxicity curve as a function of the incubation time was non-linear and did not reach saturation but had several peaks. The highest peaks were recorded upon 3-h (ϳ15% of the dead cells) and 20-h (ϳ27%) incubations (supplemental Fig. 1 ).
The distinct pattern of cytotoxicity and the marked difference in the rate of cytolysis suggested that the test culture contained groups of cells in which the Tag7-Hsp70 complex induced different cytotoxic signal transduction pathways that consequently resulted in the different times of cell death. Indeed, using a method of limited dilutions, we obtained L-929 cell clones that died either after 3 h or after 20 h of exposure to the Tag7-Hsp70 complex; we also obtained several resistant clones ( Fig. 1 ). However, the cytotoxic response of the sensitive clones was unstable. At first, their cytotoxicity was higher than the heterogeneous culture but then decreased, returning to the level of the mixed population or even disappearing in the 7-day cultures. Hence, we then analyzed the cytotoxic mechanisms induced by the Tag7-Hsp70 complex after a 3-h or 20-h exposure using a stable heterogeneous L-929 cell culture. In addition, we performed the key experiments on the sensitive L-929 clones as well.
Exposure to Tag7-Hsp70 for 3 h Induces Caspase-dependent Cell Death-To determine whether Tag7-Hsp70 activated an apoptotic process in the L-929 cells, we analyzed the role of caspases in the rapid and slow cytotoxic processes. As early as 1 h after the exposure to this complex, the caspase-3 activity in the exposed cells was significantly increased as compared with the control cells, indicating that caspase-dependent apoptosis was induced ( Fig. 2A ). This activity dropped to the initial level after 5 h, which correlated with the decrease in the cytotoxicity (supplemental Fig. 1 ). The caspase activity was not stimulated further by a 20-h exposure to Tag7-Hsp70 (we used Tag7 alone and Hsp70 alone as the controls).
These results were verified by an inhibitor study. Preincubation with the caspase-3 (Ac-DEVD-CHO) and caspase-8 (Ac-IETD-CHO) inhibitors prevented the cytotoxic effects of the 3-h exposure to Tag7-Hsp70, whereas treatment with caspase-9 (Z-LEHD-FMK) inhibitor, which is activated in the cell upon a mitochondrial membrane damage, failed to suppress this effect ( Fig. 2B) .
Thus, at 3 h, the Tag7-Hsp70 complex induces the classic apoptotic cascade, with the initial activation of caspase-8, followed by caspase-3 activation. Apoptosis is induced without the involvement of the mitochondria or the formation of apoptosomes.
Exposure to Tag7-Hsp70 for 20 h Induces Necroptosis-We then studied the effect of the caspase inhibitors on cell death after a 20-h exposure to Tag7-Hsp70 (Fig. 2B) . As in the previous case, the caspase-9 inhibitor had no effect on the slow cytotoxicity, whereas preincubation with the caspase-8 and caspase-3 inhibitors enhanced the long-term cytotoxic effect of Tag7-Hsp70, rather than inhibiting it. The increase in the proportion of dead cells after the 20-h incubation was commensurate with the decrease in their proportion following the 3-h incubation as compared with the variant without the inhibitors. Therefore, the cells that survived the 3-h incubation with the cytotoxic complex in the presence of the caspase inhibitors to inhibit apoptosis died after 20 h.
To validate these results, we performed inhibition experiments using L-929 clones. The clones that were sensitive to the 3-h exposure to the Tag7-Hsp70 complex did not display cytotoxicity in the presence of either the caspase-3 or the caspase-8 inhibitors after 3 h, but the cytotoxic activity was gained after 20 h and was comparable with the 3-h cytotoxicity. The clones that were sensitive to the 20-h exposure to the Tag7-Hsp70 complex did not gain any additional activity upon treatment with the caspase inhibitors. These results are in complete agreement with the data obtained using the heterogeneous populations of the L-929 cells. (Fig. 2 , C and D, supplemental Table 1 ).
An alternative character of cell death is described for the death receptors (14) . This fact suggests that both the rapid and the slow cytotoxic responses were induced via the same receptor, with the apoptosis inhibition upon a 3-h exposure leading to a switch to the induction of a different cell death mechanism.
As shown in the studies on the cell death receptors, caspase and apoptosis inhibition stimulate phosphorylation of the RIP1 kinase and initiate necroptosis (26) . Preincubation with necrostatin-1, a RIP1 kinase inhibitor, prevented the cytotoxic effects of a 20-h exposure to Tag7-Hsp70 (Fig. 2B) . These results suggested that the cells that were incubated with the cytotoxic complex for 20 h died by RIP1-dependent necroptosis. In contrast, the cytotoxic activity observed after 3 h was not inhibited by necrostatin-1, indicating that the cell death pathway in this case was not necroptosis. Similarly, necrostatin did not inhibit the cytotoxic activity of the clones sensitive to the 3-h Tag7-Hsp70 complex exposure but completely blocked the activity of the clones sensitive to the 20-h exposure (Fig. 2, C and D) .
The Tag7-Hsp70 Complex Interacts with TNFR1-Our experimental data on the mechanisms of L-929 cell death in response to the Tag7-Hsp70 complex and the switch in the cell death signaling pathways suggested that the cytotoxic activity of this complex may be mediated by one of the cell death receptors. To test this hypothesis, we prepared a specific CNBr-Sepharose column coupled to anti-Tag7 antibodies (supplemental Fig. 2 A) on which the Tag7-Hsp70 complex was immunoadsorbed. The solubilized L-929 cell membrane proteins were applied onto this column, and the material that was specifically retained was resolved by SDS-PAGE. One of the resulting bands had an apparent molecular mass of 52 kDa, which corresponded to that of the murine TNFR1. A mass spectrometry analysis indicated a more than 95% probability that this protein was identical to TNFR1. The MALDI analysis was performed using the MASCOT database.
To demonstrate the interaction between Tag7-Hsp70 and TNFR1, the column with the adsorbed Tag7-Hsp70 complex was loaded with sTNFR1, a recombinant soluble fragment of TNFR1 located on the outer cell membrane; all three proteins, namely Tag7, Hsp70, and sTNFR1, were retained on this column (Fig. 3A) . This interaction was confirmed by a complementary experiment. A specific anti-TNFR1 column (supplemental Fig. 2B ) with adsorbed sTNFR1 was loaded with the Tag7-Hsp70 complex, and all three proteins were also retained on this column (Fig. 3B) . Thus, the solubilized full-length TNFR1 and its soluble fragment interacted with the Tag7-Hsp70 complex. The Tag7 and TNFR1 proteins were not bound to the control column, where CNBr-Sepharose was coupled with the preimmune IgG.
Our next step was to determine whether the ternary Tag7-Hsp70-TNFR1 molecular complex is formed on the L-929 cells. To this end, we produced two variants of the Tag7-Hsp70 complex in which only one component (either Tag7 or Hsp70) was biotinylated ( Fig. 3C ) and used the water-soluble cross-linking agent BS 3 to fix the contacts between Tag7-Hsp70 and TNFR1. The cells were incubated with the complex containing the biotinylated Tag7 in the presence of BS 3 under conditions that pre-vented cell lysis, and the solubilized membrane proteins were applied onto a specific anti-TNFR1 Sepharose column. The material retained on the column contained a biotin-labeled product with an apparent molecular mass of ϳ140 kDa (Fig.  3C) . The same product was detected after the cells were incubated under the same conditions with the complex containing biotinylated Hsp70 (Fig. 3C ). No biotinylated material was bound to the control column, where CNBr-Sepharose was coupled with the preimmune IgG.
These results provide evidence that the Tag7-Hsp70 complex coming in the contact with the cell is in close proximity to the TNFR1 receptor. The molecular mass of the ternary product (140 kDa) is equal to the sum of the molecular masses of its components (50, 20, and 70 kDa for TNFR1, Tag7, and Hsp70, respectively), suggesting that a single Tag7-Hsp70 complex binds to a single TNFR1 molecule; therefore, the ligand-receptor binding ratio under the given experimental conditions is 1:1.
Tag7-Hsp70 Complex Induces Cytotoxicity with the Involvement of TNFR1 Receptor-The next question was whether the observed interaction between Tag7-Hsp70 and TNFR1 triggers cell death signal transduction. To answer this question, we analyzed the cytotoxic activity of Tag7-Hsp70 in the presence of agents that prevent its interaction with TNFR1. In the control experiments, TNF-␣ was used instead of Tag7-Hsp70.
Preincubation of L-929 cells with the anti-TNFR1 antibodies completely blocked the cytotoxicity of either TNF-␣ or Tag7-Hsp70, after both 3 h and 20 h of exposure to the Tag7-Hsp70 complex. The preimmune IgG had no such effect (Fig. 4A) . The IC 50 of the antibodies after the 20-h exposure to the Tag7-Hsp70 complex was 40 nM (supplemental Fig. 3 ). The same results were obtained using another cell line, HEK293 cells (the AUGUST 28, 2015 • VOLUME 290 • NUMBER 35
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IC 50 of the antibodies for Tag7-Hsp70 was 40 nM, supplemental Fig. 3 ). The activity of the L-929 clones was also inhibited by the anti-TNFR1 antibodies (Fig. 4B) .
Taking into account that the Tag7-Hsp70 complex can bind to sTNFR1 in solution (Fig. 3A) , we decided to abolish the cytotoxic effect of this complex by adding excess sTNFR1. We preincubated either the Tag7-Hsp70 complex (0.1 nM) or TNF-␣ (0.05 nM) (as a control) with increasing concentrations of sTNFR1 and added them to the L-929 cells. The cytotoxicity was inhibited in a dose-dependent manner (the IC 50 values for sTNFR1 were 3 and 1.5 nM, respectively; see Fig. 4C ). These data show that the Tag7-Hsp70 complex can bind to sTNFR1 in solution and that this binding prevented the interaction of this complex with the TNFR1 receptor on the target cell surface. The inhibition of the TNF-␣ cytotoxicity by sTNFR1 addition was described earlier (27) .
To verify these results, we knocked down TNFR1 expression in the HEK293 cells and subsequently treated the cells with Tag7-Hsp70 and TNF-␣. We produced a stable knockdown line and selected clones in which the level of the unprocessed TNFR1 transcript was only 10% of the control cells (quantitative PCR data). This mix of clones was not susceptible to the FIGURE 3. Tag7-Hsp70 interacts with TNFR1. A, sTNFR1 was applied to the anti-Tag7-conjugated Sepharose 4B, with pre-adsorbed Tag7-Hsp70 complex. The retained proteins were eluted with triethanolamine, fractioned by SDS-PAGE (12%), and analyzed by Western blotting with rabbit antibodies to TNFR1 (1:10,000), Tag7 (1:10,000), or Hsp70 (1:10,000) . B, the Tag7-Hsp70 complex was applied to anti-TNFR1-conjugated Sepharose 4B, with pre-adsorbed sTNFR1. The retained proteins were eluted with triethanolamine, fractionated by SDS-PAGE (12%), and analyzed by Western blotting with rabbit antibodies to TNFR1 (1:10,000), Tag7 (1:10,000), or Hsp70 (1:10,000). C, the Tag7-Hsp70 complex containing biotinylated Tag7 (10 nM) was added to L-929 cells and incubated for 2 h at 4°C, and then 0.2 mM BS 3 was added. After 30 min of incubation, the cells were washed and the membrane fraction was solubilized and applied to the anti-TNFR1 column. Lane 1, the retained proteins were analyzed by Western blotting with streptavidin-peroxidase. Lane 2, the same experiment was performed with the Tag7-Hsp70 complex containing biotinylated Hsp70. treatment with either TNF-␣ or Tag7-Hsp70 after both 3 h and 20 h of incubation. Therefore, TNFR1 knockdown completely blocked the cytotoxic effect of these proteins (Fig. 4D ). This fact confirms that the TNFR1 receptor is necessary to induce cell death through either its specific ligand, TNF-␣, or the Tag7-Hsp70 complex.
Tag7 Blocks the Cytotoxic Effects of the Tag7-Hsp70 Complex and TNF-␣-Next, we tested whether the individual protein components of the cytotoxic complex, Tag7 and Hsp70, can interact with the receptor and thus protect the cell against the cytotoxic actions of Tag7-Hsp70 or TNF-␣. Prior to adding the cytotoxic proteins, the L-929 cells were incubated with 1 nM Tag7 or Hsp70 alone, which did not have an effect on cell viability. Subsequent exposure to Tag7-Hsp70 or TNF-␣ for 3 or 20 h (0.1 nM each) showed that the cytotoxic effect on the Hsp70-treated cells remained unchanged but was completely suppressed in the Tag7-treated cells, suggesting that Tag7 interacted with TNFR1 (Fig. 5, A and B) . The same results were obtained in the experiments with the HEK293 cells; preincubation with Tag7 (but not with Hsp70) inhibited the cytotoxic effects of TNF-␣ and Tag7-Hsp70 (Fig. 5, A and B) .
By analyzing the decrease in the TNF-␣-and Tag7-Hsp70mediated cytotoxicity that depended on the concentration of free Tag7, we found that the amount of Tag7 required for blocking the cytotoxic effect was twice as great for TNF-␣ as for Tag7-Hsp70, IC 50 ϭ 5.2 versus 2.2 nM, respectively (Fig. 5C ). In other words, the affinity to TNFR1 is approximately twice higher for TNF-␣ than for the Tag7-Hsp70 complex. The cytotoxic effect of TNF-␣ and Tag7-Hsp70 on the L-929 clones was also inhibited after preincubation with Tag7 protein (Fig. 5D ). Thus, we found that Tag7 inhibits the cytotoxic action of TNF-␣ and the Tag7-Hsp70 complex. Tag7 also likely interacts with the TNFR1 receptor.
Discussion
The results presented above show that the Tag7-Hsp70 complex induces both apoptosis and necroptosis in the L-929 cells, with either cell death pathway being activated upon the interaction of this complex with the TNFR1 receptor. It has been repeatedly reported that the L-929 cell line is heterogeneous and contains both TNF-␣-sensitive and TNF-␣-resistant clones (28, 29) . We managed to isolate L-929 cell clones that died after different periods of exposure to Tag7-Hsp70 (3 and 20 h), which was due to the activation of different cell death mechanisms, namely apoptosis or necroptosis, in different clones.
After a 3-h incubation with the complex, ϳ15% of the heterogeneous L-929 cells died through an apoptotic pathway involving the activation of the caspase-8 and caspase-3 cascade. Caspase-9 inhibition had no effect on the Tag7-Hsp70-induced cytotoxicity, suggesting that apoptosomes were not formed, and therefore, the mitochondria were not involved in the cytotoxic signal transduction. The classic apoptotic signal transduction pathway was apparently disrupted in the 27% of the cells, and they died after 20 h of exposure to the complex via the RIP1-dependent necroptotic pathway. Caspase inhibition in the 15% subpopulation of cells that were subject to apoptosis resulted in an activation of the necroptosis mechanisms in these cells. This was evident when we used the L-929 clones. Inhibiting caspase-3 or caspase-8 in the cells that were dying after only 3 h of incubation with Tag7-Hsp70 complex led to their death after 20 h. Based on recent publications, caspase-8-dependent cleavage of the RIP1 kinase is considered to play the main role in inhibiting necroptosis (30) . It has been shown that caspase-3 cleaves RIP1 at multiple sites in vitro but is incapable of cleaving it in vivo (21) . According to our observations, both caspases are essential for switching between the two alternative pathways of the Tag7-Hsp70-induced L-929 cell death. This was obvious when we performed experiments L-929 clones. Activation of RIP1-dependent necroptosis was recorded when the caspase-8 and caspase-3 inhibitors were both added to the culture. It is unlikely that caspase-8 is directly involved in the RIP1 kinase cleavage because the inhibition of caspase-3 alone results in cell death by necroptosis, although caspase-8 remains active. It may be speculated that the role of caspase-8 is not to cleave RIP1 kinase but rather to activate caspase-3, which, in turn, cleaves either RIP1 kinase itself or the protein responsible for the regulation of its activity.
Induction of both apoptosis and necroptosis upon a cell's exposure to the Tag7-Hsp70 complex suggested that its cytotoxic action was mediated by a cell death receptor. Indeed, the preponderance of data (the interaction of Tag7-Hsp70 with TNFR1 either in solution or on the surface of live cells, the protective effect of anti-TNFR1, sTNFR1 protein and Tag7 protein Tag7-Hsp70 cytotoxic activity, and elimination of this activity upon TNFR1 knockdown) provide evidence that the cytotoxic effect of Tag7-Hsp70 is mediated by the TNFR1 receptor.
It is worth noting that Tag7 is the only component of the Tag7-Hsp70 complex that can bind to TNFR1 on the cell surface, although this does not cause a cytotoxic effect. Its primary and ternary structures differ from that of TNF-␣, and it may well be that Tag7 binds to only a small fragment of TNFR1 that is insufficient for causing the conformational changes in the receptor that could induce cytolysis. However, Tag7 partially occupies the TNF-␣ and Tag7-Hsp70 binding sites on TNFR1 and thus interferes with the protein-receptor interaction by acting as a substrate-like inhibitor.
Regardless of the structural differences between TNF-␣ and Tag7, both TNF-␣ and Tag7-Hsp70 exert their cytotoxic effects at similar concentrations. The cytotoxicity curve as a function of the TNF-␣ protein concentration reaches saturation at a concentration that is half that of Tag7-Hsp70 complex (supplemental Fig. 4) . Likewise, the concentration of Tag7 that is necessary to prevent the interaction of TNFR1 with the ligand is ϳ2-fold higher for TNF-␣ than the Tag7-Hsp70 complex. The results of this study provide evidence for the existence of a new ligand for the TNFR1 receptor that is structurally different from TNF-␣. Because the Tag7-Hsp70 complex is secreted by the immune system cells, similar to TNF-␣, it may well be that this complex can perform some functions of TNF-␣, with Tag7 acting as an inhibitor of these functions by binding to the TNFR1 receptor.
The results of our previous studies (9, 29) show that the innate immunity protein Tag7 may be involved in some functions of acquired immunity. It is expressed on the surface of the highly specialized cytotoxic lymphocytes and enables them to recognize the HLA-negative tumor cells. Moreover, these lymphocytes secrete Tag7 in a complex with the Hsp70 protein, and this complex has a direct cytotoxic effect on different tumor cells. Here, we have shown that Tag7 can bind to the cell receptor that is specific for the TNF-␣ cytokine, which is secreted by lymphocytes upon activation of acquired immunity.
The discovery of the mechanistic peculiarities of the receptor-ligand interactions can provide a detailed understanding of the fundamentals of the molecular processes tightly linked with cell biology/immunology and molecular oncology to allow the development of novel therapeutics (31) . TNF-␣ is regarded as the key player in cancer cell death via the cytotoxic pathway (32) . It is also evident that this pro-inflammatory cytokine is highly involved in the activation and proliferation of B and T lymphocytes (33, 34) . It was also shown that TNFR1 has no unique specific ligand and may interact specifically with LT-␣, the closest homolog of TNF-␣. This cytokine may act differently with the receptor in the membrane-bound and the soluble form and highly affects IgA production (35) . In this study, we are also proposing a "multifunctional" regulatory role for TNFR1 by demonstrating its specific response to proteins from the innate immunity cascade. We are speculating that the identification of the Tag7-Hsp70-TNFR1 interaction machinery may demonstrate an additional link between adaptive and innate immunity and may provide a basis for therapeutic applications.
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